Cellular Stress Induces a Protective Sleep-like State in C. elegans  by Hill, Andrew J. et al.
Cellular Stress Induces a ProCurrent Biology 24, 2399–2405, October 20, 2014 ª2014 Elsevier Ltd All rights reserved http://dx.doi.org/10.1016/j.cub.2014.08.040Report
tective
Sleep-like State in C. elegansAndrew J. Hill,1 Richard Mansfield,1 Jessie M.N.G. Lopez,1
David M. Raizen,2 and Cheryl Van Buskirk1,*
1Department of Biology, California State University,
Northridge, Northridge, CA 91330, USA
2Department of Neurology, Perelman School of Medicine at
the University of Pennsylvania, Philadelphia, PA 19104, USA
Summary
Sleep is recognized to be ancient in origin, with vertebrates
and invertebrates experiencing behaviorally quiescent
states that are regulated by conserved genetic mechanisms
[1, 2]. Despite its conservation throughout phylogeny, the
function of sleep remains debated. Hypotheses for the pur-
pose of sleep include nervous-system-specific functions
such as modulation of synaptic strength and clearance of
metabolites from the brain [3, 4], as well as more generalized
cellular functions such as energy conservation and macro-
molecule biosynthesis [5]. These models are supported by
the identification of synaptic and metabolic processes that
are perturbed during prolonged wakefulness. It remains to
be seen whether perturbations of cellular homeostasis in
turn drive sleep. Here we show that under conditions of
cellular stress, including noxious heat, cold, hypertonicity,
and tissue damage, the nematode Caenorhabditis elegans
engages a behavioral quiescence program. The stress-
induced quiescent state displays properties of sleep and
is dependent on the ALA neuron, which mediates the
conserved soporific effect of epidermal growth factor
(EGF) ligand overexpression. We characterize heat-induced
quiescence in detail and show that it is indeed dependent on
components of EGF signaling, providing physiological rele-
vance to the behavioral effects of EGF family ligands. We
find that after noxious heat exposure, quiescence-defective
animals show elevated expression of cellular stress reporter
genes and are impaired for survival, demonstrating the
benefit of stress-induced behavioral quiescence. These
data provide evidence that cellular stress can induce a pro-
tective sleep-like state in C. elegans and suggest that a
deeply conserved function of sleep is tomitigate disruptions
of cellular homeostasis.
Results
Noxious heat has several effects on Caenorhabditis elegans
behavior. Transient exposure to temperatures above 30C
causes an engagement of avoidance and escape locomotor
behaviors [6, 7] and an inhibition of pharyngeal pumping [8],
a feeding behavior that is normally continuous in the presence
of food. Animals removed from a brief (<1 min) heat exposure
recover normal activity within minutes (Table S1 available
online). During prolonged noxious heat exposure, such as a
30 min 35C heat shock, feeding remains completely sup-
pressed, evasive behavior rapidly declines after 2 min of expo-
sure, and animals experience bouts of immobility (Figures 1A*Correspondence: cheryl.vanbuskirk@csun.eduand 1B, shaded regions). Unexpectedly, upon return to room
temperature, animals become even more quiescent, and
both pharyngeal pumping and locomotion remain suppressed
for up to 1 hr after exposure (Figures 1A and 1B). We wished to
determine whether a component of this quiescent behavior
was dependent on the ALA neuron, which has been character-
ized as both a sleep-inducing interneuron [9] and a high-
threshold mechanosensor [10]. To this end, we examined
animals lacking the paired homeodomain transcription factor
CEH-17, which is required for ALA neuron identity [11, 12].
We found that wild-type and ceh-17(lf) mutant animals
behaved similarly during heat exposure, indicating that the
effects of direct heat on behavior are ALA independent (Fig-
ures 1A and 1B, shaded regions). However, ceh-17(lf)mutants
failed to show quiescence after a return to room temperature,
indicating that recovery quiescence is ALA dependent (Figures
1A and 1B). This quiescence defect is not due to a general
hyperactivity of ceh-17 mutants or an inability to sense heat,
as these animals show wild-type pharyngeal pumping rates
[9], locomotion (Table S2), and thermotaxis and thermoavoid-
ance behaviors [11].
The inhibition of activity during recovery from thermal stress
is quickly reversible to strong mechanical stimulation (Fig-
ure 2A and Movie S1) and is accompanied by decreased
responsiveness toward the aversive stimuli blue light and
1-octanol (Figures 2B and 2C). These properties of reversible
immobility and reduced sensory responsiveness are behav-
ioral characteristics of sleep [1] and have also been observed
in animals overexpressing the epidermal growth factor (EGF)
ligand LIN-3 [9, 13]. LIN-3(OE) animals show sleep-like delayed
responses to sensory neuron activation, an effect that is
reversed with harsh stimulation [13], and experience a cessa-
tion of feeding and locomotion [9] that is similar to that
observed with EGF ligand administration to the vertebrate
brain [14–16]. In C. elegans, LIN-3-induced behavioral quies-
cence is dependent on activation of the EGF receptor (EGFR)
LET-23 within ALA and on the EGFR target PLC-3/PLC-g
(phospholipase C-gamma) [9]. To determine whether EGF
signaling mediates recovery quiescence, we examined muta-
tions in lin-3, let-23, and plc-3. Because a complete loss of
LIN-3 or LET-23 activity is lethal at an early stage, we examined
animals harboring reduction of function mutations in these
genes. lin-3(n1058) mutant animals showed reduced quies-
cence during recovery from thermal stress, whereas let-
23(sy10) and plc-3(tm1340) null mutant animals were severely
impaired in recovery quiescence (Figures 2D and 2E). These
results indicate that thermal-stress-induced recovery quies-
cence is a sleep-like state regulated by EGF signaling.
On the basis of our results with heat, we reasoned that
C. elegans may experience ALA-dependent behavioral quies-
cence during recovery from other environmental stressors.
To test this prediction, we examined ALA-defective ceh-17
mutant animals for their behavioral responses under a variety
of noxious conditions.
Hyperosmotic Stress
We expected that hyperosmotic disruption of the C. elegans
hydrostatic skeleton should impair locomotion in an ALA-inde-
pendent manner. Indeed, when exposed to a hyperosmotic
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Figure 1. C. elegans Experiences ALA-Dependent Recovery Quiescence
after Heat Stress
(A) Time course of feeding quiescence during and after a 30 min 35C heat
shock in wild-type and ALA-neuron-defective ceh-17(np1) animals com-
pared to untreated control animals.
(B) Automated (multiworm tracker) analysis of locomotor quiescence in
wild-type and ceh-17(np1) animals during and after a 30 min 35C heat
shock compared to untreated control animals. Shaded regions represent
time during heat shock.
Mean and SEM are shown. *p < 0.001 as determined by Fisher’s exact test
(A) and Student’s t test (B). See also Tables S1–S3.
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2400solution of 500 mM NaCl for 15 min, both wild-type and ALA-
defective ceh-17 mutant animals ceased locomotion and
feeding. However, upon removal from osmotic shock, ceh-17
mutants recovered these behaviors earlier than wild-type
controls (Figures 3A and 3B), revealing an ALA-dependent
component of behavioral quiescence during recovery from
hypertonic stress.
Alcohol Stress
At high doses (>4%) of ethanol, C. elegans ceases feeding [8]
and locomotion [17]. To investigate whether ethanol stress in-
duces ALA-dependent recovery quiescence, we analyzed the
behavior of wild-type and ceh-17 mutant animals in response
to a 30 min exposure to 5% ethanol. During exposure, wild-
type and ceh-17 mutant animals were similarly inhibited for
feeding and movement (data not shown), but after removal
from ethanol, ceh-17 mutants recovered locomotion and
pharyngeal pumping earlier than wild-type controls (Figures
3C and 3D), indicating that a fraction of the behavioral quies-
cence observed following ethanol stress is ALA dependent.
Cold Stress
Exposure to noxious cold (30 min at –15C) caused a complete
cessation of feeding and locomotion in both wild-type and
ceh-17 mutant animals (Figures 3E and 3F). However, ceh-17
mutants resumed feeding sooner than wild-type animals (Fig-
ure 3E), revealing ALA-dependent recovery quiescence. Inter-
estingly, although both strains initially recovered locomotion
quickly after return to room temperature, we observed a
peak of ALA-dependent locomotor quiescence at 20 min after
cold stress (Figure 3F). One interpretation of these results isthat recovery quiescence is triggered by cold stress but in a
delayed fashion. As the initial ALA-independent suppression
of locomotion by cold is very transient (more so than the
ALA-independent effects on feeding), it is possible to clearly
resolve the peak of ALA-dependent quiescence within the
locomotion profile.
Tissue Damage by Pore-Forming Toxin
Cry5B is a pore-forming crystal protein produced by Bacillus
thuringiensis that damages cells lining the digestive tract
when ingested by C. elegans [18] and causes a cessation of
feeding and locomotion within minutes [18, 19]. In response
to a 15 min exposure to Cry5B-expressing Escherichia coli,
we observed that feeding behavior in wild-type animals was
completely suppressed for 90 min, followed by a second
peak of quiescence at 3 hr after exposure (Figure 3G). By
contrast, ceh-17mutant animals showedmilder feeding inhibi-
tion that peaked at 15–30 min after removal from the toxin
(Figure 3G). Thus, the initial prolonged inhibition of feeding in
wild-type animals represents a combination of ALA-indepen-
dent and ALA-dependent effects. Remarkably, while wild-
type animals became immobile in the presence of toxin, the
locomotion of ceh-17 mutant animals was unaffected (Fig-
ure 3H; Movies S2 and S3). Upon removal from the toxin,
wild-type animals initially recovered locomotion but then
experienced additional peaks of quiescence (Figure 3H). One
interpretation of these results is that the initial bout of ALA-
dependent quiescence is restricted by limiting amounts of
one or more pathway components, which are upregulated in
response to stress. If disrupted cellular homeostasis persists,
as may be the case with an extreme stress such as Cry5B
ingestion, a second and even third bout of quiescence may
occur.
To test the hypothesis that more severe perturbations of
cellular homeostasis can induce additional bouts of ALA-
dependent quiescence, we examined the effect ofmore severe
heat shocks on the behavior of wild-type and ceh-17 mutant
animals. We found that a 37C 30 min heat shock elicited an
initial ALA-dependent quiescent bout similar to that observed
at 35C and also produced a subsequent, longer period of
ALA-dependent quiescence (Figure 4A). In response to a
more stringent heat shock of 40C for 20 min, both wild-
type and ceh-17 mutant animals were similarly quiescent for
several hours (Figure 4B). After recovery from this initial ALA-
independent period of inactivity, wild-type animals entered a
prolonged period of ALA-dependent behavioral quiescence
(Figure 4B).
Because heat stress is known to disrupt protein homeosta-
sis and trigger expression of protective protein chaperones
[20], we hypothesized that the delayed ALA-dependent quies-
cence observedwith severe heat shock is engaged to promote
restoration of protein homeostasis. This hypothesis makes
three predictions. First, it predicts that mutant animals that
are unable to mount a proper chaperone response to cellular
stress would have increased duration of behavioral quies-
cence after heat shock. Second, it predicts that disruption of
this quiescence would result in more severe proteostatic
disruption and trigger higher expression of chaperone pro-
teins. And third, it predicts that animals defective in behavioral
quiescence would show impaired survival in response to
severe heat exposure.
To test the first prediction, we examined the behavior of
animals defective in components of cellular proteostasis path-
ways. We examined animals mutant for the stress-responsive
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Figure 2. Recovery Quiescence Displays Sleep-
like Properties and Requires Components of
EGF Signaling
(A) Reversibility of locomotor quiescence after
perturbation by harsh touch at 10, 20, and
30 min after a 30 min 35C heat shock.
(B and C) Fraction of heat shocked wild-type
young adults that do not show locomotor
response within 5 s after a 3 s exposure to blue
light (B) or during 5 s exposure to 1-octanol (C).
(D and E) Time course of feeding quiescence (D)
and locomotor quiescence (E) after a 30 min
35C heat shock in wild-type, lin-3(n1058) itr-
1(sy290), let-23(sy10) unc-4(e120), and plc-
3(tm1340) animals. let-23 and plc-3 mutants
show impaired feeding quiescence at all time
points, and lin-3 mutants at those time points
indicated by asterisks. The failure of lin-3 mutant
animals to recover activity may reflect altered
kinetics of ligand release caused by the n1058
intracellular domain mutation. Locomotion data
were not collected for let-23 mutant animals due
to a movement defect conferred by the unc-
4(e120) mutation.
Mean and SEM are shown. *p < 0.05, **p < 0.01,
and ***p < 0.001 as determined by Fisher’s exact
test (A–D) and Student’s t test (E). See also Table
S3 and Movie S1.
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2401transcription factors HSF-1 and DAF-16, which, in response to
heat stress, direct the synthesis of protein chaperones and
suppress the synthesis of other proteins [20]. We also exam-
inedmutants for the resident endoplasmic reticulummolecular
chaperone HSP-4/BiP, whose expression is elevated with
increased levels of misfolded proteins [21]. In response to a
30 min 37C heat exposure, all three mutants showed longer
second bouts of behavioral quiescence compared to wild-
types (Figure 4C), indicating that defects in restoration of pro-
tein folding can prolong recovery quiescence. However, we
also observed that the peak of this quiescence was reduced
in hsf-1(sy441) and daf-16(mu68) mutants, suggesting that
these transcription factors may themselves contribute to the
expression of components of the quiescent response.
To test the prediction that recovery quiescencemay serve to
mitigate disruptions of cellular homeostasis, we examined
ceh-17 mutant animals for phenotypic defects after heat
stress. In response to amild 35C 30min heat shock, we found
no significant differences in survival or expression of cellular
stress reporter genes (described below) in ceh-17 mutant
animals compared to wild-type animals (data not shown). In
response to a 37C 30 min heat shock, ceh-17mutant animals
showedwild-type survival (Figure S1A) but also showed higher
levels of cellular stress as assessed by transcriptional re-
porters for the molecular chaperones hsp-16.2 and hsp-4/
BiP (Figure 4D). In response to a 40C 20 min heat shock,
ceh-17 mutant animals showed significantly decreased sur-
vival compared to wild-type animals (Figure 4E). We observed
a similar survival deficit in plc-3(tm1340)mutants (Figure S1B),
which are quiescence defective. Thus, conditions that pro-
duce the greatest amount of recovery quiescence, 37C and
40C heat shocks, are associated with more severe pheno-
typic consequences in quiescence-defective animals.
The survival deficit of the ceh-17 mutants in response to
noxious heat is not attributable to generally reduced viability
of this strain: these animals show wild-type survival in the
absence of heat shock (Figure S1C) and in response to the
oxidative stress-inducing agent paraquat [22] (Figure S2),which does not trigger prolonged ALA-dependent quiescence.
This suggests that the impaired survival of ceh-17 mutant
animals is attributable to their quiescence defect. In support
of this suggestion, we found that the survival deficit of
ceh-17 mutant animals can be partially rescued by a muta-
tion that causes spontaneous bouts of inactivity. The egl-
4(ad450sd) allele is a gain-of-function mutation in a protein
kinase G that is required for LIN-3(OE) locomotor quiescence
and is hypothesized to act downstream of ALA function [9].
egl-4(gf) mutant animals spontaneously cease locomotion
and feeding if left unperturbed [23] and show decreased sen-
sory responses characteristic of sleep [24]. We observed
that whereas egl-4(gf) mutant animals showed wild-type sur-
vival after noxious heat exposure, ceh-17(lf);egl-4(gf) animals
showed significantly increased locomotor quiescence and
survival (Figures 4F and 4E) compared to ceh-17(lf) animals.
These data support the concept that behavioral quiescence
promotes recovery from cellular stress.
Discussion
This study reveals that perturbations of cellular homeostasis
can drive behavioral quiescence in C. elegans and that this
quiescence in turn contributes to recovery from cellular stress.
Consistent with our observation of a protective function of
stress-induced quiescence in C. elegans, increased sleep
was recently shown to promote survival during bacterial infec-
tion in D. melanogaster [25]. Behavioral quiescence may allow
allocation of resources away from excitable cell function and
toward engagement of cellular responses that facilitate recov-
ery from specific stressors. In support of an adverse effect of
excessive excitable cell function on cellular proteostasis, in-
creases in C. elegans muscle excitation promote protein
aggregation in muscle cells [26]. Our observation that reduced
chaperone activity results in prolonged heat-induced quies-
cence suggests that efficient restoration of protein folding is
required to minimize the duration of recovery quiescence.
In Drosophila, reduction of heat shock protein activity is
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Figure 3. Cellular Stressors Induce ALA-Dependent Recovery Quiescence
(A and B) Time course of feeding quiescence (A) and locomotor quiescence
(B) in wild-type and ALA-defective ceh-17(np1) animals after 15 min expo-
sure to a 500 mM NaCl solution. The gray dotted line indicates the behavior
of untreated wild-type animals.
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2402associated with exaggerated homeostatic responses to sleep
deprivation [27]. Together, these data raise the possibility that
the duration and intensity of animal sleep is linked to cellular
proteostasis.
C. elegans adults do not display prominent circadian sleep
patterns, but we have shown here that C. elegans can display
limited oscillation of stress-induced quiescence on an ultra-
dian timescale, as seen in response to Cry5B exposure and
severe heat shock. We propose a model in which stress trig-
gers both the release of LIN-3 and the transcriptional activa-
tion of limiting pathway components, possibly by the same
transcription factors that control chaperone gene expression.
If proteostasis remains disrupted after synthesis of these
pathway components, a second quiescent period may result,
the duration of which is related to the degree of disruption of
cellular homeostasis. This model is supported by our observa-
tion that mutations in the stress-responsive transcription fac-
tors hsf-1 and daf-16 are associated with decreased peak
quiescence of this second bout and that more stringent heat
shock and decreased chaperone activity are each associated
with longer bout duration.
How is EGF signaling initiated during heat-induced recovery
quiescence? LIN-3 is expressed in a restricted pattern corre-
sponding to its known roles in cell-fate specification during
development. Fluorescent in situ hybridization [28] and GFP
reporter [29] analyses indicate that LIN-3 is not expressed in
sensory neurons but is expressed throughout the pharynx,
and its function there has not yet been ascertained. A partic-
ular splice form, LIN-3C [9], also known as LIN-3XL [30], is
exclusively expressed in the anterior region of the animal [9],
in which the pharynx is themost prominent tissue. LIN-3C con-
tains a unique juxtamembrane sequence, the region in which
proteolytic processing must occur for release of the active
EGF domain [31]. We hypothesize that pharyngeal LIN-3C
serves as a pool of EGF that is shed in response to stress, acti-
vating EGFR on the ALA neuron in the dorsal ganglion of the
head. The accompanying paper by Nelson et al. [32] provides
evidence that this in turn triggers depolarization-dependent
release of quiescence-promoting peptides from ALA, includ-
ing those encoded by the flp-13 gene.
As vertebrate EGF family ligands have been shown to un-
dergo stress-induced shedding [33, 34] and act as somnogens
across species [14–16, 35], we posit that EGF signaling is part
of a deeply conserved mechanism that contributes to sleep
drive in response to cellular stress. Stress-induced quies-
cence in C. elegans may represent an ancestral condition in
which sleep-like behavior evolved as amechanism to promote
restoration of proteostasis after environmental stress or
infection. Here, we disrupted cellular homeostasis using envi-
ronmental stressors to which C. elegans tissues are liable.
Cells within more complex organisms may be susceptible to
stresses associated with prolonged wakefulness. Indeed,(C and D) Time course of feeding quiescence (C) and locomotor quiescence
(D) in wild-type and ceh-17(np1) animals after a 30 min exposure to 5%
ethanol.
(E and F) Time course of feeding quiescence (E) and locomotor quiescence
(F) in wild-type and ceh-17(np1) animals after a 15 min exposure to –15C.
(G and H) Time course of feeding (G) and locomotor (H) quiescence in wild-
type and ceh-17(np1) animals during (shaded region) and after a 15 min
exposure to Cry5B toxin.
Mean and SEM are shown. *p < 0.001 as determined by Fisher’s exact test.
Note that each stressor also has ALA-independent effects of varying dura-
tion on feeding and/or locomotion, observable at the earliest time points.
See also Movies S2 and S3.
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Figure 4. Recovery Quiescence Is Associated with Restoration of Proteo-
stasis and Survival after Noxious Heat Exposure
(A and B) Time course of feeding quiescence in wild-type and ceh-17(np1)
animals after a 30 min 37C heat shock (A) and a 20 min 40C heat shock
(B). *p < 0.001 as determined by Fisher’s exact test.
(C) Time course of feeding quiescence in wild-type, hsf-1(sy441), daf-
16(mu68), and hsp-4(gk514) animals after a 30 min 37C heat shock. Peak
quiescence is reduced in hsf-1 and daf-16 mutant animals compared to
wild-type animals (asterisks not shown, p = 0.0019 in both cases as deter-
mined by Fisher’s exact test), while the duration of quiescence is signifi-
cantly increased (*p < 0.05 as determined by Fisher’s exact test) in each
of the mutant strains.
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2403elements of cellular stress have been observed after sleep
deprivation in several species [36–40]. Further, clearance of
metabolic waste from the mouse brain is decreased during
wakefulness [4], resulting in a buildup of metabolites that
may perturb cellular homeostasis. The well-documented syn-
aptic changes that occur during sleep [3, 4, 41]may reflect pro-
cesses that are optimally accomplished upon restoration of
proteostasis within the nervous system.
In organisms that have circadian sleep patterns, stress-
induced behavioral quiescence may have become temporally
restricted through circadian regulation of pathway compo-
nents. Consistent with this, transcript levels of the EGF family
ligand transforming growth factor a in the hamster suprachias-
matic nucleus show circadian oscillation, with a peak corre-
sponding to a time of locomotor quiescence and a trough to
a time of locomotor activity [15]. Rhythmic EGF ligand tran-
scription coupled with stress-induced shedding poses a
potential mechanism linking circadian and homeostatic pro-
cesses, promoting sleep within the confines of the circadian
clock in response to cellular stresses that have accumulated
during wakefulness.
Experimental Procedures
Strains
Strains were maintained on nematode growth (NG) plates at 18C–20C and
fed E. coliOP50. Assays were performed on well-fed young adults screened
prior to each experiment for normal feeding behavior and locomotion.
Analysis of Behavior
For assaying of feeding quiescence, animals were observed under a stereo-
microscope for 3–4 s and scored for contraction of the posterior pharyngeal
bulb. If no contractions were observed, the animal was scored as quiescent
for feeding. For Figures 1B and 2E, locomotion data were collected using an
automated multiworm tracker. For subsequent panels, locomotion data
were collected by direct observation. Plates were left unperturbed for
1min, and each animal in the field of view at lowmagnificationwas observed
for 3–4 s and scored as quiescent if it showed no detectable movement. For
reversibility assays (Figure 2A), inactivity was defined as less than one body
length of movement in 10 s.
Stressors
Heat
NG plates housing animals were parafilmed and placed into a water bath at
the indicated temperatures and were then cooled on ice for 2 min to bring
them to room temperature.
Hypertonic Stress
Animals were placed in a drop of 500 mM NaCl in M9 for 15 min.
Ethanol
Animals were placed in a solution of 5% ethanol in M9 for 30 min.For (A)–(C), feeding quiescence is shown, but animals were similarly quies-
cent for locomotion.
(D) Fold expression of hsp-16.2:GFP and hsp-4:GFP transcriptional re-
porters 24 hr after a 37C 30 min heat shock compared to untreated con-
trols. #p < 0.01 and ##p < 0.001 as determined by Student’s t test.
(E and F) Survival (E) and locomotor quiescence (F) among wild-type, ceh-
17(np1), egl-4(ad450 gf), and ceh-17(np1);egl-4(ad450 gf) animals after a
20 min 40C heat shock. ceh-17 animals are significantly impaired for sur-
vival compared to wild-type animals (p < 0.001 as determined by log rank
test). In ceh-17;egl-4(gf)mutants, locomotor quiescence is partially restored
(*p < 0.05 versus ceh-17(np1) as determined by Fisher’s exact test), and the
survival defect is partially rescued (p < 0.001 versus ceh-17(np1) as deter-
mined by log rank test). egl-4(gf) animals do not show significantly greater
survival than wild-type animals (p = 0.647 as determined by log rank test)
but display increased quiescence at certain time points (p < 0.05 versus
wild-type animals at 6, 8, 22, and 24 hr after heat shock; Fisher’s exact test).
Mean and SEM are shown for all panels except (C) and (F), which show the
mean only. On the x axes, ‘‘B’’ indicates baseline (untreated). See also Fig-
ures S1 and S2.
Current Biology Vol 24 No 20
2404Cold Shock
NG plates housing animals were immersed into a frozen bead bath in a
freezer (216C to 214C) for 30 min then transferred to room temperature
plates.
Cry5B Toxin
Animals were placed for 15 min onto NG plates containing carbenicillin and
1 mM isopropyl b-D-1-thiogalactopyranoside that had been seeded with
JM103 bacteria containing an IPTG-inducible Cry5B expression plasmid.
Survival
Animals were scored as dead if they showed no detectable movement after
prodding three times with a wire pick.
Further details of methods can be found in the Supplemental Experi-
mental Procedures.
Supplemental Information
Supplemental Information includes Supplemental Experimental Proce-
dures, two figures, three tables, and three movies and can be found with
this article online at http://dx.doi.org/10.1016/j.cub.2014.08.040.
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